Abstract. Knowledge of dispersal vectors used by organisms is essential to the understanding of population and community dynamics. We report on ice rafting, a vector by which intertidal benthic invertebrates can be transported well outside their normal dispersal range during winter in temperate climates. We found multiple invertebrate taxa in sedimentladen ice blocks sampled in the intertidal zone. A large proportion of individuals were alive and active when freed from the ice. Using radio tracking, we found that ice blocks can travel over 20 km within a few days. Given the abundance of highly mobile ice blocks carrying viable invertebrates, we conclude that ice-rafting is likely an important dispersal vector, contributing to spatial community dynamics in intertidal systems. This mechanism helps explain observed genetic structure of populations, but it also raises concerns about potential negative impacts of climate change on connectivity between populations.
INTRODUCTION
Many organisms rely on passive transportation vectors to move large distances. For example, seeds can be dispersed by wind over hundreds of meters (Nathan et al. 2002 , Tackenberg et al. 2003 , and pelagic larvae of marine organisms can be carried by currents over hundreds of kilometers (Kinlan and Gaines 2003, Cowen et al. 2006) . Rafting, a mechanism by which individuals move with flotsam, is a common mode of redistribution for marine organisms (Thiel and Gutow 2005) . Known items used for rafting include detached kelp, driftwood, volcanic pumice, and various manmade debris (Helmuth et al. 1994 , Barnes 2002 , Bryan et al. 2004 , Thiel and Gutow 2004 . Especially for species lacking larval dispersal stages, rafting allows individuals to move well outside their possible active dispersal range (Fraser et al. 2011 , Hoeksema et al. 2012 . Occasional long-range movement of individuals greatly influences the rate of spread of populations (Kot et al. 1996 , Turchin 1998 ). In addition, the scale over which movement occurs relative to the size of habitat patches determines the ''type'' of population dynamics (Camus and Lima 2002) , ranging from populations dominated by local birth-death processes to populations with almost complete dependence on movement processes. Knowledge of mechanisms allowing individuals to move large distances is important to understand spatial population and community dynamics (Kinlan and Gaines 2003) , predict spread of invaders (Kot et al. 1996 , Barnes 2002 , and manage biodiversity (Botsford et al. 2001) .
In coastal marine systems, sediment usually accumulates in zones of low water energy, resulting in formation of intertidal sand or mud flats. High abundances of invertebrates are found on those flats, including species living at the surface of the sediment (epifauna), building burrows in the sediment (infauna), or living in interstitial spaces (meiofauna) (Lenihan and Micheli 2001) . Many of these species lack a larval stage and only disperse through temporary drifting in the water column (Armonies 1994 , Cummings et al. 1995 , Giere 2009 , Drolet et al. 2012 , or through sediment resuspension (Commito et al. 1995, Jennings and Hunt 2009) . Winters in temperate intertidal soft-sediment systems are characterized by cold and fluctuating temperatures, which can result in high mortality rates (Armonies et al. 2001) . Intertidal flats are also influenced by ice processes; the sediment can be covered by a layer of surface ice up to 40 cm thick, and blocks of drift ice can accumulate in some areas (Gordon and Desplanques 1983) . Drift ice carries substantial amounts of sediment and is a vector for redistribution of inorganic material (Knight and Manuscript received 20 June 2012; revised 1 August 2012; accepted 16 August 2012. Corresponding Editor: S. G. Morgan. 4 Corresponding author. E-mail: ddrolet@mta.ca Dalrymple 1976 , Dionne 1993 , Pejrup and Andersen 2000 , Argow et al. 2011 . The idea that organisms can be transported by sea ice is not new (Nansen 1906) , and communities of organisms living in and under ice have been studied in polar regions (e.g., Tuschling et al. 2000, Arndt and Swadling 2006) . In temperate regions, associations of flora and fauna with ice have been reported (Medcof and Thomas 1974, Gerlach 1977 [cited in Thiel and Gutow 2004] , Mathieson et al. 1982 , Hardwick-Witman 1985 and the possibility that organisms may be redistributed over large distances by ice rafting has been suggested, but never directly evaluated (Johansen and Hytteborn 2001, Giere 2009 ). The objective of our study was to evaluate the potential for blocks of drift ice to act as a vector for large-scale dispersal of invertebrates. We focused on answering two essential questions: (1) do ice blocks contain viable invertebrates and (2) how far do ice blocks move?
MATERIALS AND METHODS

Study area
We worked in Chignecto Bay, in the upper Bay of Fundy, Canada ( Fig. 1A and B) . The area has extreme tidal amplitudes (up to 15 m) and expansive intertidal mudflats (up to 1000 ha; Fig. 1B ). We focused on the Grande Anse mudflat, extending more than 6 km along shore, with an intertidal zone up to 2.5 km wide (Fig. 1B  and C) . The sediment consists primarily of silt and clay with a layer of unconsolidated sediment, typically 10-12 cm deep (T. Gerwing, unpublished data). This mudflat faces west, and predominant westerly winds force ice blocks onto it during winter. This results in densely packed ice blocks near shore, scattered ice blocks further from shore, and an ice-free zone near the low tide line ( Fig. 1C and D) . The ice zone can extend anywhere from 0 to 1500 m into the intertidal, with rapid temporal changes (hours to days) in the concentration of ice blocks and extent of the zone. 
Do ice blocks contain viable invertebrates?
We sampled a total of 43 ice blocks during winters of 2011 and 2012. Large blocks (.1 m 3 ) were randomly selected in a stratified manner (covering the entire ice zone) on three transects running perpendicular to the low tide line (Fig. 1C) . Samples (30 3 30 3 30 cm chunks of ice) were collected (three per ice block in 2011, in the bottom, middle, and top thirds of the height of each block; and two per ice block in 2012, in bottom and top half of the height of each block, in an effort to sample more ice blocks than in the previous year) and brought back to the laboratory, where they were melted in plastic containers. Melted samples were carefully and systematically examined visually, and any moving animals were removed. After 48 h, the samples were inspected under a dissecting microscope. All recovered animals were identified and classified as alive or dead.
How far do ice blocks move?
We used visual markers and radio transmitters to track movement of ice blocks. Visual markers were placed on the four lateral sides of a block. A piece of wood doweling (2.2 cm diameter 3 9 cm long), to which flagging tape with a unique identification code was attached, was secured in a hole drilled in the ice by plugging the opening with wet snow (Macfarlane et al. 2011) . A radio transmitter (BD-2 transmitter, Holohil Systems [Carp, Ontario, Canada] Fig. 1C ). The tagging location of each ice block was recorded with a hand-held GPS unit. In 2011, tagging was done on 10-11 February (for each transectdistance combination, two ice blocks with visual tags only, and one with visual tags and a radio transmitter) and on 2 March (one ice block with a visual tag for each transect-distance combination). In 2012, five ice blocks per transect-distance combination were equipped with visual tags and a radio transmitter; this was done on 7 and 14 February for the south and central transects, respectively. Frequent visits to the site (spanning 1-7 days after tagging) were made to relocate ice blocks using a mixture of visual searching and antenna tracking. On 20 February 2012, when the majority of ice blocks had left the mudflat, we flew over the shore of the entire Chignecto Bay (total area depicted in Fig. 1B ) and the location of any ice block with a received radio signal was recorded following several passes. Based on a preliminary trial with a transmitter set in a location unknown to the observer, the accuracy of the aerial method, with a single pass, was within 1 km.
RESULTS
Do ice blocks contain viable invertebrates?
Of 43 ice blocks sampled, 70% contained at least one animal. Overall, we found over 500 individuals belonging to most of the common mudflat invertebrate taxa (Table 1) . Harpacticoid copepods were the most abundant, followed by other meiofaunal taxa (Nematoda and Ostracoda). Amphipods were the most abundant macrofaunal taxon, and other macrofauna only occurred sporadically. The majority of invertebrates found (73%) were alive and many were moving or swimming vigorously. This may be a conservative estimate of the proportion alive because meltwater salinity was presumably low and some animals may have died during the melting process. The average number of invertebrates per sample (dead and alive per ice chunk) for the bottom, middle, and top of ice blocks in 2011 was 1.6 6 0.6 (mean 6 SE), 0.6 6 0.2, and 2.1 6 1.4, respectively. The number of invertebrates per sample was greater near the bottom than the top in 2012 (22.5 6 9.5 and 4.3 6 1.5, respectively).
How far do ice blocks move?
Many ice blocks, especially those tagged far from shore, left the mudflat 1 day after tagging. Closer to shore, some ice blocks were on the mudflat up to 7 days after tagging. The ice blocks relocated through ground tracking usually moved little over 1 day (within the error range of the GPS, which was 5-10 m), but occasionally moved hundreds of meters ( Fig. 2A) . The longer daily movements often paralleled the shoreline. By aerial survey in 2012, we relocated six ice blocks well outside the boundaries of the Grande Anse mudflat (Fig. 2B) . One ice block moved across Shepody Bay and slightly upstream in the estuary to a small mudflat ;5 km from the origin. The other five blocks were found more than 20 km away from the tagging area, toward the mouth of Chignecto Bay. Two of these moved up into Cumberland Basin and ended up over a small mudflat.
DISCUSSION
In the Northern Hemisphere, over 140 000 km of coastline is affected by sea ice, mostly in the Arctic (Gutt 2001) . Direct associations of organisms and ice are common and well-studied in polar regions; many plants and animals live, often exclusively, in minute channels found in ice (Tuschling et al. 2000 , Arndt and Swadling 2006 , Giere 2009 ). In temperate areas, associations between fauna and ice are poorly studied, notwithstanding the fact that ice can be found seasonally on the Atlantic coast of North America as far south as Massachusetts, in the European North and Baltic Seas, and in Northern Japan (Gutt 2001) .
Here, we report that large-scale movement (many km) of intertidal benthic invertebrates through ice rafting is highly likely. Ice blocks temporarily stranded in the intertidal zone contained substantial numbers of invertebrates. These blocks typically stayed within the boundaries of a mudflat for a few days, moved tens of kilometers in a matter of days, and several washed up on a different shore. Given the general freeze tolerance of intertidal invertebrates (Loomis 1995) and the viability of invertebrates recovered from ice (many were moving vigorously, similar to what is observed in summer), it is likely that these individuals contribute to the biological dynamics at their new location during the following growth season. Although densities of live individuals in ice were low, the total amount of individuals being carried is large. Mudflats can be almost completely covered by drift ice, and a high density of drift ice can be present offshore (Fig. 1C) . During aerial surveys, T. Gerwing (unpublished data) estimated an average drift ice cover of 24% on the surface of eight major mudflats throughout the upper Bay of Fundy. Using this surface cover estimate, a conservative average height of drift ice of 10 cm, and our estimated density of live animals in drift ice, we calculated a gross estimate of 2.3 3 10 7 live individuals contained in drift ice at a given time for the Grande Anse mudflat alone. To our knowledge, this is the first rigorously documented report of ice rafting as a mechanism of organism dispersal in a temperate area, and we suggest that it may also act in other similar environments. Soft-sediment intertidal or shallow subtidal areas are most likely influenced by this process, given the ease with which sediment can be incorporated in ice (Knight and Dalrymple 1976 , Schneider and Mann 1991 , Dionne 1993 , Pejrup and Andersen 2000 , Argow et al. 2011 . However, we believe that rocky coasts could also be affected by ice rafting, especially for fouling organisms that can regrow a full individual from fragments.
Given the large number of animals potentially being carried, ice rafting may contribute to the genetic structure of populations of macrofaunal and meiofaunal species. For example, preliminary genetic data on the burrow-dwelling amphipod Corophium volutator (T. Einfeldt, unpublished data), the numerically dominant macrofaunal species in the area, revealed no differentiation among major mudflats in Chignecto Bay. Through selective tidal-stream transport, juvenile and adult amphipods can move unidirectionally from mudflat to mudflat within a basin, using small muddy shores as stepping stones (Drolet et al. 2012 ). However, until now no mechanism could explain between-basin movement (separated by large areas of rocky shore). Also, many meiofaunal species lack a pelagic larval stage and active dispersal abilities (Giere 2009 ). Some, like harpacticoid copepods, disperse by entering the water column as juveniles and adults, but others, like nematodes, only move through bedload transport (Commito and Tita 2002) . However, despite the lack of a known large-scale transport mechanism, meiofaunal species are widespread and show surprising levels of population connectivity at scales of tens to hundreds of kilometers (Sywula et al. 1995 , Derycke et al. 2005 , Denis et al. 2009 , Kieneke et al. 2012 , Tulchinsky et al. 2012 . Ice rafting may provide a partial explanation of this ''meiofauna paradox'' (Giere 2009 ). The influence of ice rafting on population dynamics requires further exploration, but it is likely most important for species lacking both a larval stage and the ability to disperse with tidal currents (e.g., nematodes, plathyhelminthes, ostracods).
If ice rafting is an important natural means of dispersal, concerns arise in the context of climate change. Earlier studies of winter conditions on mudflats of the Bay of Fundy reported an ice season lasting for 3-4 months (Knight and Dalrymple 1976, Gordon and Desplanques 1983) . In 2010 and 2011, ice was only present for ;1 month (Kennedy 2012) , and only ;2 weeks in 2012. A reduction in duration and severity of ice seasons might reduce connectivity between spatially segregated populations. This could disrupt metapopulation dynamics, leading to increased risk of local extinctions, and decreased probability of recolonization following local extinctions (Hanski 1998) .
Ice rafting contributes to our knowledge of vectors for occasional long-distance movement of organisms, thus ''fattening the tail'' of dispersal kernels of the affected species. This has implications for population spread; it might contribute to colonization of restored intertidal flats and recolonization following local extinctions (e.g., Mazik et al. 2007) . Finally, ice rafting should not be overlooked as a potential vector for spread of invasive species. Accurate prediction of dispersal routes will require detailed oceanographic models including parameters for tidal-and wind-driven currents as well as probability of departure in relation to tidal cycle (ebb vs. flood tide).
